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Introduction {#cbic201800526-sec-0001}
============

Labeled oligonucleotide probes that fluoresce upon hybridization provide the opportunity to detect and visualize mRNA molecules within their native environment.[1](#cbic201800526-bib-0001){ref-type="ref"} Live‐cell measurements enable analysis of dynamic processes and avoid artefacts caused by cell fixation.[2](#cbic201800526-bib-0002){ref-type="ref"} Useful imaging probes should provide strong enhancements of fluorescence upon specific recognition of the complementary target. In addition, the emission should have sufficient brightness to exceed cellular autofluorescence at the selected wavelength.

The most frequently used hybridization probes capitalize on the molecular beacon approach, which involves the spatial separation of two dyes upon target‐induced opening of a hairpin structure.[3](#cbic201800526-bib-0003){ref-type="ref"} To reduce the risk of false‐positive signaling caused by unintentional hairpin opening, we introduced forced intercalation (FIT) probes (Figure [1](#cbic201800526-fig-0001){ref-type="fig"}).[4](#cbic201800526-bib-0004){ref-type="ref"} These single‐labeled hybridization probes lack a hairpin structure, but instead rely on the responsiveness of a TO dye, which is linked to a DNA or PNA scaffold as a nucleobase surrogate.[5](#cbic201800526-bib-0005){ref-type="ref"} We, and others, used FIT probes for live‐cell imaging of viral mRNA,[6](#cbic201800526-bib-0006){ref-type="ref"} cellular mRNA,[7](#cbic201800526-bib-0007){ref-type="ref"} and noncoding RNA.[8](#cbic201800526-bib-0008){ref-type="ref"} Alternative RNA imaging methods include binary probes,[9](#cbic201800526-bib-0009){ref-type="ref"} ECHO probes,[10](#cbic201800526-bib-0010){ref-type="ref"} and reactive probes,[11](#cbic201800526-bib-0011){ref-type="ref"} which typically rely on the dye separation principle for the activation of fluorescence.[12](#cbic201800526-bib-0012){ref-type="ref"}

![A) A dye nucleotide (green) within the FIT probe fluoresces upon hybridization with a complementary RNA target. B) Chemical structures of DNA and peptide nucleic acid (PNA) FIT probes containing a serinol (Ser)‐ or aminoethylglycine (Aeg)‐linked thiazole orange (TO) dye (green).](CBIC-20-595-g001){#cbic201800526-fig-0001}

Regardless of the mechanism of fluorescence activation applied in RNA imaging technologies, the cellular delivery of probes is the major challenge. Microinjection is a very reliable approach that provides full control over the amount of intracellularly delivered probes. However, microinjection is tedious and practical only for large cells. Owing to its ease, delivery through microporation is a standard method to introduce plasmids into cells.[13](#cbic201800526-bib-0013){ref-type="ref"} This method has also been used for the cellular delivery of molecular beacons.[14](#cbic201800526-bib-0014){ref-type="ref"} However, the electric fields applied during microporation can affect cell viability.

Alternative delivery methods reported to allow live‐cell mRNA imaging involve the addition of chemical or biological agents, such as pore‐forming proteins (e.g., streptolysin‐O (SLO)),[15](#cbic201800526-bib-0015){ref-type="ref"} lipofection,[16](#cbic201800526-bib-0016){ref-type="ref"} lipidation,[17](#cbic201800526-bib-0017){ref-type="ref"} or cell‐penetrating peptides (CPPs).[18](#cbic201800526-bib-0018){ref-type="ref"} A characteristic hallmark is the strong interaction of the reagents with the hybridization probe and/or the cell membrane. Charge interactions play an important role. As a result, the charged nature of the hybridization probe should have a major influence on the efficiency of delivery. For example, the CPPs used in nucleic acid delivery are net positively charged.[19](#cbic201800526-bib-0019){ref-type="ref"} Although CPP‐mediated cellular delivery has been reported to succeed for both polyanionic DNA probes and charge‐neutral PNA probes,[20](#cbic201800526-bib-0020){ref-type="ref"} it seems plausible to anticipate major differences in delivery efficiency. Indeed, it has been reasoned that charge neutrality would be more appropriate for achieving delivery of therapeutic oligonucleotide analogues.[19](#cbic201800526-bib-0019){ref-type="ref"} However, we wish to emphasize that reports describing the delivery of perturbation probes, such as antisense molecules, provide little guidance for the delivery of imaging probes. Minor amounts of perturbation probes within the cytosol can exert the sought‐after biological effect, despite enrichment of the probe in endosomal compartments. On the contrary, imaging probes should provide spatial information and, therefore, must not impose a localization bias.

Once we considered the multitude of delivery modalities, we noticed that the lack of knowledge as to which backbone, DNA or PNA, better suited the demands of mRNA imaging extended beyond CPP‐mediated delivery to methods based on passive diffusion. Owing to the lack of comparative studies, we set out to evaluate both PNA‐ and DNA‐type fluorogenic hybridization probes in live‐cell mRNA imaging. For this purpose, we designed and constructed sequence‐identical FIT probes that were comprised of either DNA or PNA backbones. To enable control measurements, we established a genetically engineered HEK293 cell line that allowed the inducible expression of a mRNA target sequence. By using this cell line, we investigated different transfection methods/conditions and assessed the magnitude of fluorescence increase upon induction of target mRNA expression. This knowledge was used for the development of conditions that allowed the facile cellular delivery of FIT probes for the live‐cell multicolor imaging of three different mRNA targets.

Results and Discussion {#cbic201800526-sec-0002}
======================

Design of probes and cell line {#cbic201800526-sec-0003}
------------------------------

Most endogenous mRNA molecules in cells are expressed at \<1000 copy numbers. According to a typical approach, dozens of hybridization probes are directed against different segments of the mRNA molecule to increase the sensitivity of mRNA imaging.[21](#cbic201800526-bib-0021){ref-type="ref"} Alternatively, the mRNA target is equipped with repeated sequence tags at the 5′‐ or 3′‐untranslated region.[22](#cbic201800526-bib-0022){ref-type="ref"} For the design of a sequence tag, we considered the following criteria: 1) the hybridization probe should be GC‐rich to permit the use of short probes, 2) cross reactions with cell‐endogenous transcripts should be avoided by using the basic local alignment search tool (BLAST), and 3) an individual sequence repeat should have sufficient length to avoid self‐quenching of adjacently aligned probes.

The 22 nt long segment (F‐tag) shown in Figure [2](#cbic201800526-fig-0002){ref-type="fig"} satisfied these criteria. Next, we constructed the 11 nt long FIT‐DNA1 probe. This probe was comprised predominantly of 2′‐OMe units to resist degradation by nucleases inside cells. The probe furthermore contained a single LNA building block,[23](#cbic201800526-bib-0023){ref-type="ref"} which was known to increase the brightness of emission from the adjacent TO nucleotide.[7b](#cbic201800526-bib-0007b){ref-type="ref"} Hybridization with the synthetic RNA target at 37 °C was accompanied by a 29‐fold enhancement of fluorescence intensity. The value of *T* ~M~ (51.4 °C) was considered to be sufficiently low to avoid base‐mismatched hybridization, yet high enough to enable live‐cell mRNA imaging. Sequence‐identical FIT‐PNA1 did not require the incorporation of special building blocks to confer nuclease resistance. The target affinity of the FIT‐PNA1 probe is comparable to that of the DNA‐based probe FIT‐DNA1 (*T* ~M~=52.3 °C). A comparison revealed that the extinction of light by TO in the FIT‐PNA1 probe was lower than that in the DNA probe FIT‐DNA1 (Figure [2](#cbic201800526-fig-0002){ref-type="fig"}). This is probably due to more efficient intercalation of TO adjacent to the rigidifying LNA unit in DNA--RNA duplexes.[7b](#cbic201800526-bib-0007b){ref-type="ref"} Hybridization of FIT‐PNA1 with the RNA target resulted in eightfold enhancement of fluorescence at *λ*=535 nm. As a result, the brightness of TO emission is higher in the DNA--RNA duplex formed upon hybridization of FIT‐DNA than that in the PNA--RNA duplex formed with FIT‐PNA. This also is in agreement with previous studies, which have shown that the nonconjugated TO dye is a rather modest stain of PNA--DNA duplexes.[5b](#cbic201800526-bib-0005b){ref-type="ref"}

![The 22 nt long F‐tag RNA sequence and complementary FIT probes, and the corresponding absorption and emission spectra of probes in the absence (‐ ‐ ‐ ‐) and presence (---) of F‐tag RNA. Small letters indicate PNA monomers; capital letters represent nucleotides. Underlined nucleotides mark 2′‐OMe‐modified nucleotides. Subscript L highlights a locked nucleic acid (LNA) building block. X: (CH~2~)~2~CO−NH(CH~2~)~5~−CO. Conditions: 0.5 μ[m]{.smallcaps} probe with target RNA (5 equiv) in phosphate‐buffered saline (PBS; 100 m[m]{.smallcaps} NaCl, 10 m[m]{.smallcaps} Na~2~HPO~4~, pH 7) at 37 °C. *λ* ~ex~=485 nm, *λ* ~em~=500--650 nm, slit~ex~=5 nm, slit~em~=5 nm.](CBIC-20-595-g002){#cbic201800526-fig-0002}

Next, we appended the 22 nt long sequence tag in multiple repeats to the 3′‐untranslated region (3′‐UTR) of mRNA coding for the fluorescent protein mCherry. For this purpose, we synthesized two 51‐nt long oligonucleotides (Figure S7 in the Supporting Information) that, after hybridization, comprised two copies of the sequence tag, as well as overhangs compatible with BamHI and BglII restriction enzymes, and allowed T4 ligase mediated polymerization in the presence of both restriction enzymes (Figure [3](#cbic201800526-fig-0003){ref-type="fig"}). Products of 300--500 bp in length were purified by gel electrophoresis and cloned into a custom Gateway vector. Sequencing showed a product containing nine repeats. With the help of a shuttle vector, this product was repeatedly reinserted by making use of the terminal BamHI and BglII restriction sites, until we obtained a vector with 45 repeats of the sequence tag. For the construction of an expression plasmid, three vectors containing the doxycyclin (Dox)‐responsive CMV‐TO promotor, the mCherry open reading frame (ORF), and the F‐tag were used as donors in a three‐fragment recombination with a custom destination vector containing R4 and R3 recombination sites for the Multiside‐Gateway system, as well as an FRT site for Flp‐In recombination. Cotransfection of Flp‐In 293 T‐Rex cells with the plasmid encoding the tagged mCherry and a plasmid expressing Flp recombinase afforded a stable cell line that produced mCherry upon stimulation with Dox. Measurements by quantitative real‐time PCR with primers specific for the mCherry ORF suggested that incubation with 2 μg cm^−1^ Dox increased the expression of F‐tagged mCherry mRNA by 8.5‐fold within 1 h (Figure S11). Considering the number of sequence repeats and given the typical volume of HEK293 cells, the mRNA target occurs at an average concentration of 30 n[m]{.smallcaps} after 1 h of incubation in the presence of Dox.

![Schematic description of the cloning procedure used for the construction of a repeat motif (=F‐tag) appended to the 3′‐UTR of mCherry mRNA. BglII and BamHI: cut sites for restriction enzymes; attR1, attR2, attL1, attL2, attL3, attL4, attB1, attB2, attB3, and attB4: recombination sites; km: kanamycin resistance gene; amp: ampicillin resistance gene; CMV‐TO: doxycycline inducible CMV promoter (Tet‐ON); mCherry: fluorescent protein; FLP: recombinase flippase; FRT: FLP recognition target.](CBIC-20-595-g003){#cbic201800526-fig-0003}

Design and synthesis of FIT probe conjugates {#cbic201800526-sec-0004}
--------------------------------------------

To assess the cellular delivery of the FIT probes, we considered a range of chemical delivery agents. PNA FIT probes were equipped with an N‐terminal mercaptopropionyl linker to allow conjugation with the maleimide‐modified penetratin peptide in Pen_FIT‐PNA1 (Figure [4](#cbic201800526-fig-0004){ref-type="fig"}). An identical peptide was used for conjugation with the 5′‐thiol‐modified DNA FIT probe Pen_FIT‐DNA1. Penetratin, similar to most CPPs, is net positively charged.[24](#cbic201800526-bib-0024){ref-type="ref"} The polyanionic nature of the DNA backbone might affect the cell‐delivery properties of the cationic CPPs. Exploration of additional CPP conjugates, which included Pep2,[25](#cbic201800526-bib-0025){ref-type="ref"} transportan,[26](#cbic201800526-bib-0026){ref-type="ref"} and MPG (comprising a fusion sequence of HIV gp41 and a hydrophilic segment of the nuclear localization signal),[27](#cbic201800526-bib-0027){ref-type="ref"} was therefore restricted to PNA‐based payloads in Pep2_FIT‐PNA1, Transp_FIT‐PNA1, and MPG_FIT‐PNA1. The conjugates featured a disulfide linkage, which might allow a reduction‐triggered removal of the long CPPs inside the cytosol.

![FIT probe conjugates used for live‐cell imaging of mRNA in HEK293 cells. Amino acids are represented with one‐letter codes. Bold small letters indicate PNA monomers; bold capital letters represent nucleotides. Underlined nucleotides mark 2′‐OMe‐modified nucleotides. Subscript L highlights a LNA building block.](CBIC-20-595-g004){#cbic201800526-fig-0004}

In a next set of conjugates, we avoided the introduction of positive charges. Recently, a net negatively charged version of the sweet arrow CPP (SAP(E)) was introduced.[28](#cbic201800526-bib-0028){ref-type="ref"} This peptide was prepared as a maleimido conjugate and fused to both PNA and DNA FIT probes (SAP(E)\_FIT‐DNA1 and SAP(E)\_FIT‐PNA1).

Successful cellular delivery has also been described for lipid‐modified DNA and RNA.[29](#cbic201800526-bib-0029){ref-type="ref"} We used commercially available 5′‐palmitate to connect a lipid chain to the 5′‐end of DNA FIT probe Palm_FIT‐DNA1. Lipidation of the PNA FIT probe proved problematic, owing to the low solubility of the FIT‐PNA‐lipid conjugates.

Fluorescence with synthetic RNA targets {#cbic201800526-sec-0005}
---------------------------------------

The conjugation of FIT probes with CPPs may change the fluorescence properties. We therefore measured the absorption and fluorescence emission spectra of conjugated FIT probes before and after hybridization with synthetic target RNA (Figures S2 and S3). We observed that conjugation with penetratin did not alter the fluorescence properties of the FIT‐DNA (compare entries 1 and 2 in Table [1](#cbic201800526-tbl-0001){ref-type="table"}; see also Figure S2). Likewise, the target affinity remained unaffected. In contrast, the TO emissions and *T* ~m~ values were enhanced if penetratin was conjugated with the PNA‐based probe (compare entries 6 and 7 in Table [1](#cbic201800526-tbl-0001){ref-type="table"}). However, the single‐stranded probe experienced higher emission enhancements than those of the probe--target duplex, leading to a decreased responsiveness of Pen_FIT‐PNA1. This effect was also observed with negatively charged SAP(E) (entry 8 in Table [1](#cbic201800526-tbl-0001){ref-type="table"}). Again, the emission increase was higher for the single‐stranded form of PNA conjugate SAP(E)\_FIT‐PNA1 than that for the probe‐bound form. As observed for penetratin conjugation, fluorescence of the DNA FIT probe showed rather modest changes if SAP(E) was attached.

###### 

Optical properties of FIT probes and FIT probe conjugates.

       Probe              *F* ~0~ ^\[a\]^   *F* ^\[b\]^   *F*/*F* ~0~    *ϵ* ~max~ ^\[c\]^   *T* ~m~ ^\[d\]^
  ---- ------------------ ----------------- ------------- ------------- ------------------- -----------------
  1    FIT‐DNA1           4.9               142           29                  85 640               49
  2    Pen_FIT‐DNA1       4.7               140           30                  75 780               49
  3    SAP(E)\_FIT‐DNA1   3.8               110           29                  64 780               44
  4    R8+FIT‐DNA1        5.7               161           28                  85 640               60
  5    Palm_FIT‐DNA1      9.7               115           12                  57 170               49
  6    FIT‐PNA1           2.7               22            8                   41 790               52
  7    Pen_FIT‐PNA1       15                68            4.5                 64 310               58
  8    SAP(E)\_FIT‐PNA1   9.9               45            4.5                 45 460               56
  9    Pep2_FIT‐PNA1      11                68            6                   62 320               53
  10   Transp_FIT‐PNA1    3.2               11            3.5                 43 460               49
  11   MPG_FIT‐PNA1       2.5               12            5                   40 620               52

\[a\] Fluorescence intensity of a single strand. \[b\] Fluorescence intensity after hybridization with F‐tag‐RNA (Figure [2](#cbic201800526-fig-0002){ref-type="fig"}). \[c\] Extinction coefficient at the TO absorption maximum. \[d\] Melting temperature of a double strand at 0.5 μ[m]{.smallcaps}. Conditions: 0.5 μ[m]{.smallcaps} probes, complementary RNA (5 equiv, if added) in PBS (100 m[m]{.smallcaps} NaCl, 10 m[m]{.smallcaps} Na~2~HPO~4~, pH 7) at 37 °C, *λ* ~ex~=488 nm, *λ* ~em~=535 nm.

Wiley‐VCH Verlag GmbH & Co. KGaA

Given the potential for intra‐ or intermolecular charge--charge interactions in CPP--DNA conjugates, it seems counterintuitive that the PNA‐based probe responded to peptide conjugation, whereas the DNA probe proved to be inert. At this stage, we cannot explain the different sensitivities. However, it should be noted that both CPPs and PNA have hydrophobic properties, and we speculate that hydrophobic interactions may affect the structure of PNA in both single‐stranded and probe‐bound forms. Regardless of the mechanistic origin of the undesirable consequences for RNA imaging, we observed that each of the CPPs tested led to a decrease in the hybridization‐induced fluorescence response of PNA FIT probes. Interestingly, although Pep2 provided brightness enhancements (which were stronger for the single strand than that for the double strand), transportan and MPG (\>23 AS) conferred decreases of fluorescence emission (which in this case were stronger for the double strand than for the single strand).

It has been reported that positively charged peptides enable the cellular delivery of DNA without conjugation.[30](#cbic201800526-bib-0030){ref-type="ref"} To assess whether uptake of noncovalent CPP--DNA complexes enabled mRNA imaging, we incubated FIT‐DNA1 with octaarginine at various charge ratios. The ideal charge ratio (positive charge, *P*, to negative charge, *N*) for the aggregation of peptide and oligonucleotide was determined by gel analysis (Figure S13). The fluorescence spectra measured once octaarginine was added to the DNA FIT probe, R8+FIT‐DNA1, at the optimal charge ratio (16:1) showed an increased intensity of TO emission, for both single‐stranded and target‐bound forms (compare entries 1 and 4 in Table [1](#cbic201800526-tbl-0001){ref-type="table"}). This and the increase in duplex stability induced by octaarginine (*T* ~m~=50 vs. 60 °C) suggest that the polycationic additive induces a more compact state of the probe--target duplex. Gratifyingly, the fluorescence response factor of the DNA FIT probe remained unchanged.

Motivated by reports describing cellular delivery of lipidated oligonucleotides,[29](#cbic201800526-bib-0029){ref-type="ref"} we analyzed the palmitoylated DNA FIT probe Palm_FIT‐DNA1 (Table [1](#cbic201800526-tbl-0001){ref-type="table"}, entry 5). The weak fluorescence of the single‐stranded probe was red‐shifted. The broad emission band (Figure S2) is indicative of dye--dye interactions, which may be due to the formation of aggregates.

Fluorescence of FIT probe conjugates/complexes in cells {#cbic201800526-sec-0006}
-------------------------------------------------------

In the initial experiments, unconjugated FIT probes were added to HEK293 cells. After incubation for 30 min over a concentration range of 1--2 μ[m]{.smallcaps}, neither the PNA nor the DNA FIT probes were delivered to cells, as evidenced by the lack of fluorescence signals after induction of target expression (Figure [5](#cbic201800526-fig-0005){ref-type="fig"}). We then turned our attention to CPP--probe conjugates. The DNA--penetratin conjugate Pen_FIT‐DNA1 provided weak fluorescence signals, which remained low, regardless of whether the mRNA target expression was induced or not. In contrast, the PNA--penetratin conjugate was successfully delivered into the cells. A diffuse fluorescence in the cytosol, which was stronger in cells induced with Dox than that in untreated cells, suggests target recognition (Figure S12). However, massive fluorescent spots occurred in both Dox‐induced and noninduced cells. The large size of the spots probably results from aggregation. The size of the fluorescent spots was smaller if the cells were incubated with SAP(E) conjugates. Visual inspection suggested that the PNA conjugate afforded higher increases in fluorescence in Dox‐treated cells than that in the DNA conjugate, but, again, fluorescent spots appeared in the presence and absence of target. The situation remained unchanged with the other CPP--PNA conjugates. It has been reported that CPP--nucleic acid conjugates form large aggregates in PBS.[31](#cbic201800526-bib-0031){ref-type="ref"} We performed delivery experiments in Dulbecco\'s modified eagle medium (DMEM). In our hands, however, spot‐like features appeared again in induced and noninduced cells (Figure S15). Next, we delivered DNA FIT probes into cells by means of octaarginine complexation. Again, large fluorescent spots caused artefacts, which rendered RNA imaging impossible.

![Fluorescence and bright‐field (gray) microscopy images of living Flp‐In 293 T‐REx cells incubated with DNA (2 μ[m]{.smallcaps}) or PNA FIT probes (1 μ[m]{.smallcaps}) for 30 min in PBS at 37 °C and 5 % CO~2~. Green shows the signal from TO emission with a *λ*=500/24 nm filter; −dox and +dox: without and with, respectively, the addition of Dox (2 μg mL^−1^) 1 h before incubation with probes. Scale bar: 20 μm.](CBIC-20-595-g005){#cbic201800526-fig-0005}

We also examined cellular delivery aided by lipidation. Fluorescence microscopy images suggested a noteworthy gain of fluorescence upon induction of the target if the cells were incubated with lipidated Palm_FIT‐DNA1. It has been reported that chloroquine promotes endosomal escape.[32](#cbic201800526-bib-0032){ref-type="ref"} In fact, magnified fluorescence images (Figure S14) suggested that chloroquine provided substantial enhancements of cytosolic fluorescence in cells treated with Dox, which appeared to be more homogenous than that observed with the other conjugates. However, the background level in cells expressing low levels of the mRNA target remained high.

Fluorescence of FIT probes delivered by SLO {#cbic201800526-sec-0007}
-------------------------------------------

Delivery experiments with FIT probe conjugates revealed major sources of artefacts. Large fluorescent spots can occur if the conjugates form aggregates in or on cells. Furthermore, conjugated or probe‐complexed delivery agents that rely on interactions with the cell membrane typically form fluorescent spots, which are known to result from aggregation on the membrane or endosomal entrapment of probes. To avoid interactions between the probes and the cell membrane, we assessed delivery aided by the protein SLO; a channel forming protein, which grants entry into cells.[33](#cbic201800526-bib-0033){ref-type="ref"} The duration of permeabilization can be controlled because the membranes reseal upon exchange of cell media. We compared mRNA imaging with PNA and DNA FIT probes at different concentrations (Figure [6](#cbic201800526-fig-0006){ref-type="fig"}). No aggregates or interactions of probes with the cell membrane were observed. With 2 μ[m]{.smallcaps} FIT‐DNA1, Doxinduced cells showed a fourfold higher median fluorescence than noninduced cells (Figure [6](#cbic201800526-fig-0006){ref-type="fig"} A, see also Figure S17 for data from the analysis of three independent cell cultures). The fluorescence intensification was lower if the DNA FIT probe was applied at lower or higher concentrations. Notably, the FIT‐PNA1 probe required a lower concentration of 600 n[m]{.smallcaps} for an optimal fluorescence response (Figure [6](#cbic201800526-fig-0006){ref-type="fig"} B). Analysis of three different cell cultures (Figure S17) suggests that the magnitude of the fluorescence enhancement was higher if FIT‐DNA1 was used, which was probably due to its higher responsiveness.

![Fluorescence and bright‐field (gray) microscopy images of Flp‐In 293 T‐REx cells after SLO‐induced delivery of A) FIT‐DNA1, B) FIT‐PNA1, and C) FIT‐DNA2 without (−dox) and with (+dox) induction of F‐tagged mCherry mRNA. The Box‐Whisker plots (1.5 IQR) show the signal intensity of Dox‐induced cells (dark gray) and noninduced cells (light gray) measured by means of image analysis (Figure S16) at varied probe concentrations. The number, *N*, of cells analyzed is given in brackets. Conditions: 2 μg mL^−1^ Dox (if added); after 1 h cells are permeabilized with 150 U mL^−1^ SLO for 10 min in PBS+1 m[m]{.smallcaps} MgCl~2~ at 37 °C and 5 % CO~2~ in the presence of FIT probes. Green: TO emission; red: QB emission; blue: Hoechst 33342 nucleus stain. Filter sets: TO *λ* ~ex~=500/24 nm, TO *λ* ~em~=545/40 nm; QB *λ* ~ex~=575/25, QB *λ* ~em~=628/40 nm; Hoechst 33342=350/50 nm. Scale bar: 20 μm.](CBIC-20-595-g006){#cbic201800526-fig-0006}

The fluorescence microscopy image exposed a few noninduced cells (3 out of 143 in Figure [6](#cbic201800526-fig-0006){ref-type="fig"} A) that showed rather bright signals. We also observed a substantial variation of fluorescence intensity of induced cells. We ascribe this to cell‐to‐cell variations of SLO activity and differences in cell states. The observation that optimal staining required lower concentrations of PNA probes than that of DNA probes might suggest that delivery of the uncharged PNA probe is easier than delivery of the negatively charged DNA probe.

The FIT‐DNA2 probe contains a QB fluorophore[34](#cbic201800526-bib-0034){ref-type="ref"} and targets a segment that is adjacent to a sequence recognized by the TO probe (Figure [6](#cbic201800526-fig-0006){ref-type="fig"} D). This probe provided a remarkable 114‐fold enhancement of fluorescence at *λ*=605 nm upon hybridization with synthetic target (Figure S2). At 1 μ[m]{.smallcaps} concentration in the medium, this DNA FIT probe showed a 450 % higher fluorescence in Dox‐induced cells than in noninduced cells (Figure [6](#cbic201800526-fig-0006){ref-type="fig"} C; see also Figure S17). This fluorescence increase is in the order of the eightfold change of target expression determined by means of quantitative PCR.

Cell viability {#cbic201800526-sec-0008}
--------------

We assessed the viability of the genetically engineered HEK293 cell line under conditions of live‐cell imaging. Among the compounds studied, lipidated probe Pen_FIT‐DNA1 and complexes formed upon incubation of the R8+FIT‐DNA1 probe with octaarginine proved most harmful by inducing 3--4 % cell death (Figure S18), as estimated by propidium iodide staining. Incubation with 1 μ[m]{.smallcaps} CPP--PNA conjugates and 2 μ[m]{.smallcaps} DNA‐CPP conjugates was well tolerated, as previously reported. Cell death was reduced to 2 %. Notably, a similarly high rate of cell survival was obtained if the HEK293 cells were treated with SLO. This and the superior properties in the mRNA imaging experiments recommend SLO as a suitable delivery agent.

Multicolor imaging {#cbic201800526-sec-0009}
------------------

We have previously shown a set of three differently labeled FIT DNA probes and demonstrated the simultaneous detection of three different targets in fixed cells.[34](#cbic201800526-bib-0034){ref-type="ref"} We combined the TO‐containing probe FIT‐DNA1 with two different probes, which included the known fluorescent dyes BO (see Figure S2 for a structure)[34](#cbic201800526-bib-0034){ref-type="ref"} and QB to cover the cyan and red ranges, respectively, of the light spectrum. The QB probe FIT‐DNA2 and the TO probe FIT‐DNA1 were designed to align in adjacent positions. In this way, the colocalization of TO and QB emission signals provides a stringent control for the specificity of mRNA target recognition inside live cells. The BO‐containing probe FIT‐DNA3 was directed against the poly‐A tail of mRNAs and it was, therefore, expected that fluorescence microscopy images based on BO emission would reveal different features than that of images based on TO and QB emission. Fluorescence spectrometric analysis confirmed that fluorescence signals from the three different dyes could be resolved (Figure [7](#cbic201800526-fig-0007){ref-type="fig"} A). The BO‐oligo U probe FIT‐DNA3 had lower responsiveness than that of the TO‐ and QB‐containing probes and afforded a fivefold emission enhancement upon addition of A~18~ RNA, relative to 29‐ and 114‐fold enhancements provided by probes FIT‐DNA1 and FIT‐DNA2. However, given the high levels of oligo‐A sequences in living cells, this degree of fluorescence response was deemed to be sufficient for live‐cell mRNA imaging.

![A) FIT probes for multicolor live‐cell imaging and their emission spectra before (‐ ‐ ‐ ‐) and after (---) addition of target RNA. Conditions: 0.5 μ[m]{.smallcaps} probe with RNA target (5 equiv) in PBS (100 m[m]{.smallcaps} NaCl, 10 m[m]{.smallcaps} Na~2~HPO~4~, pH 7) at 37 °C. BO: *λ* ~ex~=440 nm, *λ* ~em~=485 nm, TO: *λ* ~ex~=485 nm, *λ* ~em~=535 nm, QB: *λ* ~ex~=560 nm, *λ* ~em~=605 nm, slit~ex~=5 nm, slit~em~=5 nm. B) Gray‐scale fluorescence microscopy images of Flp‐In 293 T‐REx cells after SLO‐induced delivery of FIT‐DNA1, FIT‐DNA2, and FIT‐DNA3 with induction of F‐tagged mCherry mRNA in separate channels. C) Line scan and normalized intensities for emission from FIT‐DNA1 (green), FIT‐DNA2 (red), and FIT‐DNA3 (blue). Conditions: 2 μg mL^−1^ Dox; after 1 h incubation with 150 U mL^−1^ SLO for 10 min in PBS+1 m[m]{.smallcaps} MgCl~2~ and FIT‐DNA1 (2 μ[m]{.smallcaps}), FIT‐DNA2 (1 μ[m]{.smallcaps}), and FIT‐DNA3 (4 μ[m]{.smallcaps}) at 37 °C and 5 % CO~2~. Filter sets: BO *λ* ~ex~=438/24 nm, BO *λ* ~em~=483/32 nm; TO *λ* ~ex~=500/24 nm, TO *λ* ~em~=545/40 nm; QB *λ* ~ex~=575/25, QB *λ* ~em~=628/40 nm.](CBIC-20-595-g007){#cbic201800526-fig-0007}

The three different probes were delivered to the genetically engineered HEK cells by means of SLO‐mediated permeabilization. The TO and QB probes FIT‐DNA1 and FIT‐DNA2 were mixed in 2 and 1 μ[m]{.smallcaps} concentrations, respectively, as described in the optimization experiments (Figure [6](#cbic201800526-fig-0006){ref-type="fig"}). A higher concentration (4 μ[m]{.smallcaps}) was required for the BO probe FIT‐DNA3. As anticipated, the features resolved by the TO probe colocalized with the features exposed by the QB probe (Figure [7](#cbic201800526-fig-0007){ref-type="fig"} B). The line scan (Figure [7](#cbic201800526-fig-0007){ref-type="fig"} C) shows a strong correlation between intensities in the TO and QB detection channels. In contrast (and as expected), there was little overlap between patterns exposed by the poly‐A‐specific BO probe and patterns from the TO and QB probes. The BO probe produced a rather diffuse stain, thus suggesting that the majority of poly‐A‐containing mRNAs were rather regularly distributed over the cytosol. In addition, a few bright spots appeared, which were not obtained with FIT‐DNA1 and FIT‐DNA2. At present, we cannot tell whether the spots reflect high local concentrations of polyadenylated mRNA or result from local enrichment of unbound probes. A distinction between these two scenarios would be possible with qFIT probes, which carry an additional nonresponsive dye to report local probe concentration.[7c](#cbic201800526-bib-0007c){ref-type="ref"}

Conclusion {#cbic201800526-sec-0010}
==========

Robust methods that allow the imaging of mRNA in live cells are urgently needed to provide spatial and temporal resolution of the events that control intracellular RNA trafficking and degradation. Fluorogenic hybridization probes offer the unique opportunity to analyze unmodified RNA molecules without perturbations that may be caused by the genetic modifications required to create "vector‐based" imaging systems. However, delivery of the synthetic hybridization probes across the cell membrane is the central hurdle. A plethora of reports describe cellular delivery aided by CPPs. CPPs have frequently been used to introduce molecules that perturb biological processes. Typically, a minor amount of such perturbation probes suffices to induce a distinct phenotype and the subcellular localization of such perturbation probes is less important. The situation is entirely different with imaging probes for which a localization bias leads to artefacts. Therefore, the delivery of imaging probes is more challenging than the delivery of perturbation probes. To critically evaluate reagent‐based delivery of RNA imaging probes, we established a genetically engineered HEK293 cell line that expressed mCherry under the control of Dox. The 3′‐UTR of the mCherry RNA was tagged with a 22 nt long sequence tag in 45 repeats. Our data obtained with the inducible expression system attested to the challenges associated with CPP‐based delivery systems. The CPP penetratin was rather inefficient in conferring delivery of DNA‐based FIT probes. Better results were obtained with the net negatively charged SAP(E) peptide. However, spot‐like features appearing in the presence and absence of the target indicate the formation of aggregates as a key problem. Initially, we had hoped that aggregation problems would be lessened with the charge‐neutral PNA backbone. However, we also observed spot‐like features with the PNA--CPP conjugates. Among the different CPPs tested (penetratin, SAP(E), transportan, Pep2, MPG), again the best results were obtained with the negatively charged SAP(E)‐CPP. However, spots remained in noninduced cells that had low target expression levels. This finding questions the previous idea that charge neutrality will facilitate cellular delivery. We inferred that the formation of aggregates might be a hallmark of CPPs. Unfortunately, similar characteristics were observed in imaging experiments with lipidated probes.

The use of SLO provided a solution to the aggregation problem in HEK cells. SLO acts on cell membranes and probably does not interact with the probes. Therefore, the probes can freely diffuse through the pores transiently opened upon treatment of cells with SLO. With DNA‐based FIT probes, concentrations of 1--2 μ[m]{.smallcaps} were required to afford a 500 % signal increase upon a Dox‐induced increase of target expression. This is in the order of the theoretically possible maximum, which is governed by the eightfold increase in target concentration. With the PNA‐based probe, the concentration could be reduced to 600 n[m]{.smallcaps}; however, at the cost of an attenuated signal increase. A viability test revealed that the HEK293 cells tolerated treatment with SLO remarkably well. We are, however, aware that other cells may be less tolerant. In such cases, CPPs may provide delivery options. However, it is conceivable that the formation of aggregates we have observed with the CPPs penetratin, transportan, MPG, Pep2, or SAP(E) is independent of the cell. For cells that do not tolerate SLO, microporation or cell squeezing may provide viable alternatives. We wish to note that SLO and other membrane‐disrupting techniques induce stress responses.[35](#cbic201800526-bib-0035){ref-type="ref"} This argues against long‐term imaging of stress‐associated processes.

A comparison of DNA and PNA scaffolds suggests that DNA‐based FIT probes are typically brighter and more responsive than PNA‐based FIT probes. This, and the higher solubility of DNA, motivated us to explore DNA FIT probes in live‐cell multicolor mRNA imaging. Differently colored probes targeting adjacent sequences within the mCherry sequence tag, in combination with a probe directed against a different target (poly‐A tail), provided unambiguous proof of the target specificity. Based on these results, we consider SLO‐mediated delivery of DNA FIT probes as a powerful tool for mRNA imaging.

Experimental Section {#cbic201800526-sec-0011}
====================

**Cell culture**: Permanently transfected Flp‐In 293 T‐REx cells capable of expressing mCherry mRNA tagged with a 45× repeat sequence (5′‐TAATC AACGG CCGGA CGTGC AT‐3′) were grown in DMEM from Thermo Fisher Scientific supplemented with 10 % fetal bovine serum purchased from Merck, 1 % penicillin/streptomycin and three different antibiotics: hygromycin (0.2 μg mL^−1^), blasticidin (0.045 μg mL^−1^), and zeocin (0.1 μg mL^−1^) from Invitrogen at 37 °C and 5 % CO~2~. Prior to imaging, the cells were subcultured and plated in μ‐slide 8‐well Ibidi from Ibidi (Munich, Germany) treated with 0.01 % poly([d]{.smallcaps}‐lysine) acquired from Sigma--Aldrich with a confluency of 80 %.

**Optical spectroscopy in vitro**: Fluorescence and absorption spectra were measured at a concentration of 0.5 μ[m]{.smallcaps} probe in 10 mm quartz cuvettes with phosphate buffer. The probes were measured in the single‐stranded state, without the target nucleic acid; BO: *λ* ~ex~=440 nm, *λ* ~em~=450--650 nm; TO: *λ* ~ex~=485 nm, *λ* ~em~=500--700 nm; QB: *λ* ~ex~=560 nm, *λ* ~em~=575--750 nm. Next, the absorption spectrum (*λ*=700--220 nm, 1 nm steps) of the probe was measured in the same cuvette. RNA (5 equiv) was added and the fluorescence measurements were repeated for the double‐stranded probe. The average of three fluorescence measurements (corrected with the fluorescence of the blank and normalized by the absorption at *λ*=260 nm) was calculated for both single‐ and double‐stranded states of the probes.

**Transfection with FIT probes conjugates**: Dox (2 μg mL^−1^) was added to the cells 1 h before transfection, then cells were washed once with Dulbecco\'s phosphate‐buffered saline (DPBS)+1 m[m]{.smallcaps} MgCl~2~ and incubated with 1 μ[m]{.smallcaps} PNA probes and 2 μ[m]{.smallcaps} DNA probes in DPBS for 30 min at 37 °C and 5 % CO~2~. The cells were washed twice with DPBS with MgCl~2~ (1 m[m]{.smallcaps}), and imaged in DPBS or for longer time in phenol red free DMEM.

**Transfection with SLO**: SLO from Sigma--Aldrich was aliquoted in about 350 U/10 μL RNAse‐free water and supplemented with tris(2‐carboxyethyl)phosphine (TCEP; 10 μ[m]{.smallcaps}) and incubated for 30 min at 37 °C. Dox (2 μg mL^−1^) was added to the positive cells. After 1 h, the cells were washed once with DPBS with MgCl~2~ (1 m[m]{.smallcaps}), and then incubated with 30 U SLO and different concentrations of FIT probes in DPBS with MgCl~2~ (1 m[m]{.smallcaps}) for 10 min at 37 °C. The cells were washed twice with DPBS with MgCl~2~ (1 m[m]{.smallcaps}), and incubated with recovery medium (DMEM) with adenosine triphosphate (ATP; 2 m[m]{.smallcaps}) and guanosine‐5′‐triphosphate (GTP, 2 m[m]{.smallcaps}) for 2 h at 37 °C. Subsequently, cells were washed once more with DPBS with MgCl~2~ (1 m[m]{.smallcaps}), and supplemented with Hoechst 33342 dye in PBS for 5 min, and washed with DPBS with MgCl~2~ (1 m[m]{.smallcaps}) to continue with fluorescence microscopy in DPBS or for longer time in phenol red free DMEM.

**Fluorescence microscopy**: Images were acquired with an inverted Olympus IX83 microscope (Hamburg, Germany) with a 60×/1.35 UPLSAPO oil objective and an Orca Flash 4.0 V2 camera from Hamamatsu (Ammersee, Germany). A JC12V100W halogen lamp from Traydon (Frechen, Germany) for bright‐field images and a light‐emitting diode (LED) lamp (pE‐4000) acquired from Cool LED (Andover, UK) with a *λ*=500/24 nm filter for the TO probes, a *λ*=575/25 nm filter for QB probes, and a *λ*=350/50 nm filter for BO or 4′,6‐diamidino‐2‐phenylindole (DAPI) from AHF (Pfrondorf, Germany) was used. The images were analyzed by using the Olympus IX83 software with the region of interest (ROI) tool to surround the whole cells (25--50 cells were analyzed per measurement).
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